The prediction of strength of lime ash composites is critical for quality control, material performance monitoring and material serviceability limit state. A study was conducted to investigate the influence of open porosity (an index of micro grain alignment and macro particle parking), sum of hydration products and extent of hydration of desilicated fly ash (DFA) on the unconfined compressive strength (UCS) of DFA lime composites. A comparison with as received fly ash (FA) was also done. The wet and dry cycle durability of DFA and as received FA composites was also investigated. The DFA and FA composites were found to have a UCS of 8.6 MPa and 7.9 MPa respectively. The FA composite was found to be more durable than the DFA composite as after 10 wet and dry cycles the composites had a UCS of 3.5 and 1.8 MPa respectively. Statistical correlation between UCS and open porosity, extent of FA/DFA hydration and sum of hydration products was implemented by Multivariate analysis. For both FA and DFA it was observed that the three parameters combined (open porosity, extent of FA/DFA hydration and sum of hydration products) had the greatest influence on the UCS than individually. This study shows that no single parameter on its own can adequately be used to predict UCS of FA/DFA lime composites. Correlation coefficients above 0.98 were found to describe the relationship between the three parameters and UCS for each composite. Thus could account for differences in durability or soaked strength of materials with equal initial dry strength.
INTRODUCTION


Unconfined compressive strength (UCS) of fly ash (FA) composites is affected by various physical parameters of the composite. These include porosity, content of hydration products and extent of hydration of FA. It has been established that porosity affects UCS of composites [1, 2] . Porosity is defined as the volume proportion of voids of material. Total open porosity is difficult to measure due to close voids and trapped air in dead end pores. The disequilibrium theory states that any condition that hinders the flow of desorbed water to an open surface will increase likelihood of damage [3] . Invariably high porosity hinders the flow leading to reduced UCS and durability of composite and reduced durability of composite. Several empirical formulas have been postulated that relate UCS to porosity. [4, 5] . The most common formulas are as follows: 
where S is the UCS, M1 is a constant which represent the theoretical compressive strength of concrete with zero porosity, c is the capillary coefficient, θ1, θ2 and A are constants, and P is porosity. All the formulas include a factor of a theoretical value of strength at zero porosity.
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Close voids and trapped air in dead end pores make it difficult to determine total open porosity, open porosity can be used. Open porosity, f, is defined as the voids volume in which the water can penetrate due to immersion. Porosity has successfully been used to predict frost resistance in concrete [6, 7] . The correlation between UCS and hydration products is well established [8, 9] . These hydration products have been shown to increase mechanical strength and reduce the permeability properties of composites. The relationship between UCS and hydration products alone has shown poor correlation giving R 2 value of 0.84 [10] . A quick survey on lime and FA hydration reaction shows that less than 40 % FA takes part in hydration reaction [11 -13] . Therefore, the extent of FA hydration will have a great influence on the porosity and the formation of hydration products in turn affecting the UCS of the FA composite. A survey of literature shows that there is no mathematical modelling, which shows the combined effects of porosity, hydration products and extent of ash hydration on UCS. The aim of this paper is to find the correlation between open porosity, sum of hydration products and extent of desilicated fly ash (DFA)/FA hydration with UCS. The paper also seeks to find out if the influence on UCS by these three parameters is on an individual basis or coupled or combined effects. In addition, the study seeks to provide explanation for the differences in durability (soaked strength) or moisture resistance of materials with equal dry strength. The study was done by varying the DFA/FA: lime ratio and each composite was tested for open porosity, sum of hydration products and extent of DFA/FA hydration. The model can be used to come up with combinations to reach maximum UCS. For the purposes of this study curing period and water content were kept constant. The durability of the optimum strength composite was also established using alternative wet and dry cycles.
MATERIALS AND METHODS
The as received FA was leached for silica using KOH. The conditions were a leaching time of 6 hours, 3M KOH, 500 rpm agitation speed, 25 liquid solid (L/S) ratio and a leaching temperature of 100 °C [14] . The leaching was done so as to produce potassium silicate solution which could be used for high-temperature welding with carbon arc electrodes, decorative coatings, paints, ceramic binders and as adsorbents in acid mine drainage treatment. For each mix ratio two moulds were prepared. The mixed DFA-lime-water mixture was cast into a 100 x 100 x 100 mm 3 mould and pressure molded from one end using a moulding load of 5 kN. The moulding was done at maximum dry densities for each particular ratio of DFA: lime. When the mould had obtained sufficient strength it was demoulded and subsequently sealed in a plastic. Casts which showed uneven surfaces due to demoulding or pressure casting were rejected. The same procedure was repeated with FA.
The plastic sealed cast were cured for 96 h at 80 ºC. After 96 h the cast were removed from the oven and allowed to cool to room temperature.
Strength prediction
For each pair of cured composites the following tests were carried out.
UCS
UCS is the maximum load per unit area a cylindrical specimen can withhold before failing. UCS was determined in accordance with ASTM D2166. UCS was done on the cast that had no visible signs of failure and dimensions had not changed by more than 10 %. UCS was measured using a UCS machine with a loading rate of 15 kN/min. The results were an average of two casts within 10 % of each other.
Extent of DFA hydration
The extent DFA hydration represent the percentage of DFA/FA which takes part in the hydration reactions with lime. A modified picric acid methanol method was used [11] . 1 g of DFA: lime composite was accurately weighed into a teflon beaker. A picric acid-methanol solution (9 g : 60 ml) was added to the composite material. The mixture was stirred for 15 min and subsequently 40 ml of deionised water was added and stirring was continued for another 45 min. The mixture was immediately filtered using ashless filter paper. The ash-less filter paper and the residue were washed with methanol until the filtrate appeared colourless and they were further washed with 300 ml of deionized water at 60˚C. The residue and ashless filter paper were ignited in an electric furnace at 950˚C for 60 min. The % reacted DFA was calculated using Eq. 3:
where S is the residue per gram of the composite, Pf is the % DFA in the composite, F is the residue for pure DFA. The same procedure was repeated with FA.
Open porosity
A modified ASTM C373-14a was used to determine open porosity. Composites of DFA:Lime were cured at 80 ºC for 96 h. After curing, their mass was recorded. The composites were soaked in water for 24 h. 24 h had been determined as the time when an increase in mass of wet cast was less than 1 %. After 24 h the composites were removed from water and visible water on the composite was wiped using soft cloth. The wet composites were weighed within 5 min of being removed from water. Open porosity, f, was calculated as 
where Ws is the mass of the soaked composite, Wd was the mass of the dry composite, V was the volume of the composite and α was the density of water. The same procedure was repeated with FA.
Sum of hydration product (SH)
SH was the total percentage of hydration products in each composite as determined by XRD. The SH were found to be calcium silicate hydrate and tricalcium aluminate hydrate for DFA composite and calcium aluminate silicate hydrate and calcium silicate hydrate for FA composites.
Statistical analysis
A SigmaXL 6.0 workbook was used to perform multivariate analysis between UCS and porosity (f), sum of hydration products (SH) and extent of hydration of DFA (Ext). 
Linear shrinkage
Durability (wet and dry cycles)
A modified ASTM D559 03 method was used. The cured 70:30 DFA:lime composite was subjected to alternating 24 h soak followed by 24 h drying at 71 °C (this constituting one cycle). A total of 10 cycles were performed on the composites. The above method was repeated for the 80:20 FA:lime composite. 1 shows the DFA/FA and Lime composites XRD analysis. The major difference between DFA and FA is the presence of zeolite Philipsite K in DFA. The zeolite was formed during the silica leaching from FA. The hydration products of DFA are tricalcium aluminate and calcium silicate whilst the hydration products for FA were calcium silicate and calcium aluminium silicate hydrate. Zeolites are recognised as supplementary cementitious material in concrete and hence the higher strength of DFA paste [15] ( Table 1 and Table 4 ). Table 1 shows the variation of UCS with open porosity, sum of hydration products and DFA extent of hydration. There was an increase in UCS as the lime content increased from 5 to 30 %. The 70:30 DFA:lime composite was found to have the highest UCS and therefore was taken to be the optimum. There was a 24.4 % drop in UCS for the 60:40 compared to the 70:30 DFA:lime combination. This can be explained by noting that lime was in excess at a ratio 60:40. Excess lime does not participate in hydration reactions thereby it ends up as weak filler which reduces the strength of the composite. The increase in UCS was also accompanied by a decrease in open porosity and an increase in the extent of DFA hydration and hydration products. There was a decrease in porosity as the lime content increased up to 30 %, this was also associated with the increase in UCS. This was mainly due to increase in contact as porosity decreased [16, 17] . The increase in porosity at 35 and 40 % lime is due to less packing of the material.
Strength prediction using DFA
There was an increase in the extent of DFA hydration with an increase in lime due to increase in available lime for hydration [12] .
A multivariate analysis was conducted to evaluate the degree of the correlation between UCS and open porosity, sum of hydration products and extent of DFA hydration. Table 2 shows the multivariate analysis. Table 2 it can be shown that there was a high correlation between UCS and the three other parameters combined. This therefore proves that the development of strength in DFA lime composite is highly dependent on the open porosity of the composite, the sum of hydration products and the extent of hydration of DFA. These results are significant in that it is for the first time that the combined effect of porosity, SH and extent of DFA reaction is presented giving us a better understanding on the effect of these parameters on UCS. The model for prediction of strength was found to be as follows, UCS = 3.491 -17.104 f + 13.512 SH + 16.90 Ext.
Multivariate analysis
Statistical analysis of the model showed the model was sound as Durbin-Watson statistic was found to be 1.8 which is close to 2 showing that the residuals were not auto-correlated. This was further proved by the normal probability plot of regular residuals. Fig. 2 shows the normal probability plot.
Fig. 2. Residuals normal probability plot
The residuals were centred on the mean showing no bias in the model.
Linear shrinkage
Linear shrinkage of samples that were prepared at the liquid limit were found to be 5.8 %. High shrinkage may cause excessive warpage and thereby may induce cracking which causes deleterious effect on structures. The linear shrinkage of the DFA composite was found to be within acceptable levels. Fig. 3 shows the variation in UCS with number of cycles of the DFA: lime composite (70:30).
Durability using wet and dry cycles
Fig. 3. Variation of UCS with number of cycles
After 1 cycle there was a gradual decrease in the UCS of the composite. After 8 cycles the composite failed as its UCS was below 3.5 which is the minimum UCS required by the South African Building council for non-facing plastered brick [16] . The decrease in UCS was also accompanied by the increase in open porosity of the composites, which was a result of water ingress during soaking. Table 3 shows the variation in porosity with the number of cycles. The 70:30 DFA: lime composite was taken as the optimum. Similar UCS, open porosity, extent of FA hydration trends to those of DFA were noticed. Table 4 shows the variation of UCS with open porosity, sum of hydration products and FA extent of reaction. The increase in UCS was accompanied by decrease in porosity, increase in SH and extent of FA reaction [12, 16, 17] . A multivariate analysis was conducted to evaluate the degree of correlation between UCS and open porosity, sum of hydration products and extent of FA hydration. Table 5 shows the multivariate analysis Table 5 it can be shown that there was a high correlation between UCS and the three other parameters combined. This validates that open porosity of the cast, the sum of hydration products and the extent of hydration of FA have a high impact on FA lime composites. The model for prediction of strength was found to be as follows, 
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Statistical analysis of the model showed the model was sound as Durbin-Watson statistic was found to be 2.3 which is close to 2 showing that the residuals were not auto-correlated. This was further proved by the normal probability plot of regular residuals. Fig. 4 shows the normal probability plot. The residuals were centred on the mean showing no bias in the model. This therefore means the UCS prediction model is sound. Fig. 4 . Residuals normal probability plot
Linear shrinkage
Linear shrinkage of samples that were prepared at the liquid limit was found to be 6.2 %. The linear shrinkage of the FA composite was found to be within acceptable levels. There was a 34 % drop in UCS after the fourth cycle. Although 4 cycles of rainfall and dry weather in some part of the world may be considered extreme, extreme weather patterns are common in most tropical and semi-arid regions and thus design criterion for the use of the materials in tropical environment must take cognizance of the observed reduction in strength. After 10 cycles the UCS of the composite was found to be 3.5 MPa. Although this value was within requirements for UCS for non-facing bricks using the South African Burnt masonry standard [16] , the major deduction is the likelihood of significant strength reduction from long term exposure to moisture. Table 6 shows the variation in porosity with the number of cycles for FA lime composite.
Durability using wet and dry cycles
The gradual decrease in UCS (Fig. 5 ) was accompanied with the gradual increase in porosity as the number of cycles increased. 
CONCLUSIONS
The 70:30 DFA: lime composite had a UCS of 8.6 MPa whereas the 80:20 FA: lime composite had a UCS of 7.9 MPa. Both composites showed that there was an increase in UCS with an increase in extent of DFA/FA hydration, sum of hydration products and decrease in open porosity. The UCS of both composites was influenced by the combined effects of open porosity, sum of hydration products and extent of DFA/FA hydration. A correlation coefficient of above 0.98 was found for both composite together with a Durbin-Watson statistic close to 2 showing that the residuals were not autocorrected. This showed the models were sound. The decrease in UCS with increase in wet and dry cycles for both composite was accompanied with increase in open porosity. FA lime composites were more durable than the DFA composite due to more available silica to taking part in hydration reaction in FA. It is common practice in composite material analysis to relate strength development to either porosity or hydration products only. The results however indicate that process component (extent of DFA/FA hydration and sum of hydration products) and structure (open porosity) are critical for strength prediction, as well as provide the micro mechanical basis for the difference in durability or soaked strength of materials with equal dry strength. 
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